Thermal conductivities of VNx/MgO(001) (0.76 ≤ x ≤ 1.00) epitaxial layers, grown by reactive magnetron sputter deposition, are measured in the temperature range 300 < T < 1000 K using timedomain thermoreflectance (TDTR). Data for the total thermal conductivity are compared to the electronic contribution to the thermal conductivity calculated from the measured electrical conductivity, the Wiedemann-Franz law, and an estimate of the temperature dependence of the
I. INTRODUCTION
The phonon contribution to the thermal conductivity of a metal has a complex dependence on temperature, lattice anharmonicity, and the strength of electron-phonon coupling [1] [2] [3] . Typically, at temperatures greater than 1/3 of the Debye temperature, the lifetimes of phonons that dominate heat transport are limited by the anharmonicity of lattice vibrations [4] . Scattering of phonons by electrons is typically less important except at low phonon frequencies. Measurements of the thermal conductivity of alloys can often be used to determine the lattice thermal conductivity by introducing elastic scattering of electrons that suppresses the electronic component [5, 6] . The hightemperature lattice thermal conductivities of metals with relatively weak electron-phonon coupling are typically in good agreement with the assumption of lattice thermal conductivity limited by anharmonicity [3] .
Metallic transition-metal (TM) nitrides and carbides provide a contrast to metals for studying lattice thermal conductivities because their Debye temperatures are high and therefore the anharmonic phonon scattering rates are low, and electron-phonon coupling is strong [7] . The spectral integral of the Eliashberg function 2 and Ti (0.38) [12, 13] . The primary goal of this work is to determine the lattice contribution to the thermal conductivity of VN through studies of the thermal conductivity of stoichiometric VN and VNx with varying concentrations of nitrogen vacancies.
() F
3
FIG. 1. (a)
Temperature dependent thermal conductivity of representative metals and transition-metal nitrides and carbides. Black symbols: Al [14] , Cu [14] , Pt [14] , Nb [15] , TiC (bulk) [16, 17] , TiC0.96(bulk) [5] , ZrN (bulk) [18] , TiN (RT) [19] , and TiN (high T) [17] , Blue open circles: VN epitaxial layers measured in this work. (b) Temperature-dependent electrical resistivity of representative metals and transition-metal nitride and carbide. Black symbols: Al [14] , Cu [14] , Pt [14] , Nb [20] , TiC [21] , ZrN (bulk) [22] , TiN (thin film) [23] , and VN(thin film) [24] . Blue open circles: VN epitaxial layers measured in this work.
In Fig. 1(a) , we compare representative data for the total thermal conductivities of elemental metals to selected data for TM nitrides and carbides. The temperature dependence of the thermal conductivity of TM nitrides and carbides has been discussed previously [21, 25] . Fig. 1(b) summarizes the electrical resistivity of the same set of elemental metals and TM nitrides and carbides. In most cases, at temperatures greater than the Debye temperature D  , the resistivity can be approximated as 0 B AT     , wherein we have distinguished between the residual resistivity 0  created by elastic scattering by defects and a phenomenological constant B that describes the shift in the extrapolated intercept of  at T = 0 K relative to 0  .
The Wiedemann-Franz (W-F) law predicts that the electronic thermal conductivity can be expressed as
, in which () LT is the temperature-dependent Lorenz number [26, 27] . At low ( [2] . However, in TM nitrides and carbides, 0 B   is often large due to the high concentrations of point defects (e.g., oxygen and carbon impurities and nitrogen vacancies) [5, 17] . Thus, the W-F law predicts that el  should increase with increasing T at elevated temperatures ( Fig. 1(a) ).
Due primarily to strong covalent bonds [28] , VN exhibits high melting temperature (2050 °C), hardness (15.9 GPa), electrical conductivity (33 μΩ-cm), and chemical stability [28] [29] [30] . As a consequence, VN films have been employed to enhance the properties of cutting and grinding tools, hard electrical contacts, cylinder linings, diffusion barriers, and rechargeable microbatteries and supercapacitors [25, [31] [32] [33] [34] [35] . A better knowledge of VN thermal and electrical transport properties could improve materials design for new applications.
This work may also provide insights into the potential of TM nitride metal/semiconductor superlattices as high temperature materials for thermoelectric energy conversion. In our early work on (Zr,W)N/ScN superlattices, we attributed the minimum in the cross-plane thermal conductivity as a function of superlattice period to the intermixing of interfaces while a more recent work on TiN/Al0.72Sc0.28N attributed such a minimum to coherent phonon effects [36, 37] . A better understanding of the lattice thermal conductivity in metallic TM nitrides could provide an important parameter for determining the efficiency of thermoelectric materials.
II. EXPERIMENTAL
VNx/MgO(001) layers are grown in a load-locked ultra-high-vacuum magneticallyunbalanced dc magnetron sputter deposition system from a 7.6-cm diameter, 99.95%-pure, V disk target in 20-mTorr N2 atmospheres as described in Ref [38] . Film N/V ratios, determined by in which the Poisson ratio, ν = 0.23, is derived in our previous work on epitaxial VN/MgO(001) [39] . 0 a decreases from 4.14 Å at x = 1.00 to 4.09 Å at x = 0.76 (see Table I ), in good agreement with previous studies of bulk and sputter-deposited VNx [39] [40] [41] [42] . The quality of VNx expitaxial layers determined from the XRD rocking curve peak FWHM is consistent with that of our previous work [24] .
The thicknesses of the VNx epitaxial layers are determined using RBS atomic areal density and HR-RLM lattice parameters to within ±5%. For the five samples measured, the thickness varies from 160 to 229 nm (see Table I ). A modified time-domain thermoreflectance (TDTR) method, which required no additional transducer layer to be deposited on the sample surface, was used to measure the thermal conductivity of epitaxial VNx thin films [43, 44] . In our TDTR measurement, a train of optical pulses at a repetition rate of 80 MHz, generated by a mode-locked Ti:Sapphire laser at a wavelength of 785 nm, is split into separate pump and probe beams with the optical path of the pump beam controlled by a mechanical delay stage. The pump beam is modulated at a frequency of 4.1 MHz by an electro-optical modulator. This frequency is lower than the typical 10 MHz modulation used in our previous TDTR studies and was chosen to enhance the sensitivity to VN thermal conductivity (see Fig. 3 ). The pump and probe beams are focused on the sample through a 5 objective lens to a 1/e 2 intensity radius of ≈10.7 μm. The total beam power of 15 mW creates a steady-state temperature rise of ≈4 K at room temperature and 8 K at 1000 K. The changes in the intensity of the reflected probe beam created by the pump beam are measured using phase-sensitive lock-in detection. The ratio of the in-phase (Vin) and out-of-phase (Vout) signals from the lock-in amplifier is then fit to a thermal diffusion model obtained from an analytical solution for heat flow 7 in a layered structure [43] . Based on the measured film thickness and the picosecond acoustic signal from TDTR [39] , we also derived the longitudinal speed of sound 001 v in the five VNx samples to a precision of ±0.4 km s -1 (Table I) .
In a conventional TDTR measurement, the sample is coated with a 60-90 nm metal transducer which provides the thermoreflectance signal. At the beginning of these studies, we tried using Pt as the transducer layer. However, a dramatic change in the interface thermal conductance between Pt and VNx was observed at T > 700 K. We tentatively attribute this observation to reduction of the native oxide at the Pt/VNx interface by the VNx layer. This uncontrolled change in interface conductance often led to inconsistent measurements. Therefore, we instead studied bare VNx films without an additional transducer layer. The room-temperature thermoreflectance dR/dT of VNx is 2.2×10 -5 K -1 at 785 nm, significantly smaller than for Al or TiN, but still sufficient for TDTR measurements [45, 46] .
Temperature-dependent VNx TDTR measurements from 300-1000 K are performed by mounting the VNx/MgO(001) specimen on a heater stage in a vacuum chamber and monitoring the sample temperature with a Pt resistance thermometer. To minimize sample oxidation, the chamber was pumped with a turbo-molecular pump. The electrical resistivity ρ of the VNx films was measured from 300 to 500 K by the Van der Pauw method using a heating stage in ambient air. To confirm the reliability of the data measured in ambient, we also performed four-point probe resistivity measurements of the VN0.84 sample from 300 to 920 K using a high vacuum furnace in a vacuum better than 5 × 10 -7 Torr. The resistivity vs. temperature from 300 to 500 K obtained from the two facilities agrees to within 1%. The lateral dimensions of the other samples were too small to be measured with the high vacuum system. Representative TDTR data and model fitting for a 192-nm-thick stoichiometric VN sample measured at 300 K and 1000 K are shown in Fig. 2 . The thermal transport model used for fitting includes parameters for the thermal conductivity, heat capacity, and thicknesses of the optical absorption layer, the VNx layers, and the substrate [43] . The most important fixed parameters in the model, in addition to the VNx film thickness and composition, are the temperature-dependent thermal conductivity and heat capacity of the single-crystal MgO substrate and the temperature and composition-dependent heat capacity of VNx, which were taken from references [47] [48] [49] . We also measured the thermal conductivity of the same MgO substrate used for VNx growth by conventional TDTR with an 80-nm Al coating. The measured MgO thermal conductivity results from 300 to 600 K agree with reference data to within 5% [50] . We define the sensitivity of the fit Sα as the logarithmic derivative -Vin/Vout with respect to each of the parameters α in order to gauge how each parameter influences the output of the model.
III. RESULTS AND DISCUSSION
The larger the value of SΛ, the smaller the error propagated from the other parameters into the measured thermal conductivity. We plot data for the thermal conductivity of VNx as a function of temperature and composition x in Fig. 4 . The thermal conductivities increase monotonically over the temperature range 300 < T < 1000 K and decrease with increasing N vacancy concentration. The temperature dependence of the thermal conductivity becomes slightly stronger with decreasing x. Over this temperature range, Λ increases by a factor of 2 for x = 0.76, and increases by a factor of 1.7 for x = 1.00. In Fig. 5(a) , we plot our measurements of the electrical resistivity ρ of VNx as a function of Table I ). If we assume that all 3 independent elastic constants of VNx have the same dependence on x, then 700 < To understand the temperature-dependent behavior of Λ, we first apply the W-F law with a constant Lorenz number Figs. 5(b)-(f) . We conclude that the thermal conductivity of VNx between 300 to 1000 K is predominantly electronic in origin.
An empirical relationship between the electrical resistivity  and thermal conductivity  of metal alloys was suggested by Smith and Palmer and is often used to predict the thermal conductivity of alloys from measurements of the electrical resistivity [53] 0 
Here, Eq. (3) has been used to understand the electronic thermal transport in metals and alloys [3, 56] .
The second term in the denominator involving / FD kq is due to electron-phonon inelastic smallangle scattering (vertical processes). The third term is a correction that accounts for situations where large-angle scattering can reverse the electron direction without restoring the distribution back to equilibrium [56] .
FIG. 7 Temperature variation of the Lorenz function normalized to the Sommerfeld value from
experiments and theory as a function of reduced temperature for Cu [3, 58] , Ta [58] , Nb [58] , and ThN [51] .
The red line is data calculated from Eq. (3) where
In Fig. 7 , we plot the Lorenz ratio as a function of reduced temperature as predicted by Eq.
(3) and give comparisons to experimental results for several metals. The similarity of the Lorenz ratios for Cu, Ta, Nb, and ThN is striking [3, 51, 58] . Here, the red line shows Due to the lack of detailed knowledge about the electron-phonon coupling constant, Fermi wave vector, and residual resistance of our samples, a direct calculation of () LT for VNx using Eq. (3) is not possible. Considering the relatively small difference among () LT values for normal metals shown in Fig. 7 , we approximate the Lorenz function of VNx with () LT interpolated from a similar NaCl-structure TM nitride, ThN, which also shows an increasing thermal conductivity with increasing temperature over a similar range [51] .
Since static point defects typically elastically scatter electrons of different energy with equal effectiveness, the W- 
i  is the electrical resistivity of defect-free VN which is derived from subtracting the 9 μΩ-cm difference in 300 K  between the stoichiometric VN in our previous work [24] and the VN in this work and the 2 μΩ-cm residual resistivity of VN in Ref. [24] from the  of the stoichiometric VN.
() x  is the resistivity of VNx with N vacancies.
Applying Eq. (5) to VN x , we obtain the corrected electronic thermal conductivity In Fig. 8(a) , we plot the total thermal conductivity Λ and our two calculations of the electronic component, As seen in Fig. 8(b) , when the vacancy concentration increases, the lattice thermal conductivity L  decreases and has a weaker dependence on temperature. In the high-temperature limit of a Debye model with the assumption of phonon scattering rates that scale quadratically with phonon frequency, the lattice thermal conductivity limited by point-defect scattering is  is a characteristic frequency at which the phonon point-defect scattering rate is equal to the phonon-phonon scattering rate [3, 61] . Eq. (6) Table I ) which reduces the velocity of acoustic phonons. This lattice softening with decreasing x may also contribute to the trend of decreasing lattice thermal conductivity with decreasing x.
IV. CONCLUSIONS
In summary, we measured the temperature-dependent thermal conductivity from 300 to 1000 K of epitaxial VNx/MgO(001) (0.76 < x < 1.00) thin films by TDTR and compared the result with the electronic thermal conductivity calculated from the Wiedemann-Franz law. The increase in the thermal conductivity in the temperature range of our measurement is predominantly electronic in origin. The relatively low lattice thermal conductivity and its weak temperature dependence are attributed to strong electron-phonon coupling in VNx. Increasing vacancy concentration was found to reduce both the electron and lattice thermal conductivities and lead to weaker temperature dependence for the lattice contribution to the thermal conductivity.
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